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Abstract
The SAFT-0 is an equation of state (EOS) that considers the effects of molecular
association based on the statistical association fluid theory (SAFT). This EOS
recently showed relatively successful calculations of the phase-equilibrium prop-
erties and the classical and nonclassical nucleation rates of methanol. Motivated
by methanol results, we use the SAFT-0 EOS for water, in particular within the
temperature range of anomalous density behavior below Tmax = 277.15K. To
do so, we adjust the effective temperature-dependent segment diameter in terms
of the association energy in a way that the SAFT-0 EOS reproduces the water
vapor-liquid equilibria and the vapor pressures, particularly in the temperature
range where the data of nucleation rates of water are available (220-260 K).
The Gibbsian form of classical nucleation theory (CNT) (known as the P-form)
and nonclassical gradient theory (GT) calculations were carried out using the
SAFT-0 EOS with and without including this adjusted diameter. Calculated
rates were compared to the experimental values of Wo¨lk and Strey [J. Phys.
Chem. B 2001, 105, 11683-11701]. In addition to the phase-equilibrium prop-
erties, this adjustment improved the nucleation rates from both GT and CNT
by factors of 500 and 100, respectively. To explore this further, the GT and
experimental rates were analyzed using Hale’s scaled model [J. Chem. Phys.,
2005, 122, 204509]. This analysis shows that the predictions of GT scale rela-
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tively well with those of the experimental data.
Keywords: Phase Equilibria, Nucleation, SAFT EOS, Hydrogen Bonding,
Gradient Theory, Binodal Lines
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1. Introduction
First-order phase transitions play an important role in nature as well as in
many technical applications. Simple examples of first order phase transition are
condensation[1], evaporation[2], crystallization[3, 4], and melting[5]. Such phase
transitions have an energy barrier equal to the work of formation of a small em-
bryo (or nucleus) of the new phase, which emerges from fluctuations within
the ”supersaturated” mother phase. This initiating process of most first-order
phase transitions is called nucleation[6, 7]. The hallmark of such a transition is
the discontinuous change of density, for example, the condensation of supersat-
urated vapor into liquid droplets. The first treatment of the thermodynamics of
nucleation is due to Gibbs[8]. Gibbs showed that the reversible work required
to form a nucleus of the new phase consists of two terms: a bulk (volumetric)
term and a surface term.
Theoretical analysis of nucleation rates is of great importance in connection
with atmospheric aerosol formation and materials synthesis, clustering and con-
densation in vapors, crystallization of liquid alloys, phase separation in solid
solutions, kinetics of colloidal and biological systems and many other growth-
related phenomena such as thin film condensation, epitaxy of semiconductor
quantum dots and freestanding nanowires[9, 10, 11, 12].
One of the simplest examples to illustrate the mechanism of nucleation is
the formation of a small liquid droplet in a supersaturated vapor[13]. If we
compress a vapor at constant temperature, the condensation will not commence
at the saturation pressure, but above it: the vapor remains in a metastable
state for some time until thermal fluctuations form a sufficiently large cluster
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or nucleus, which can grow spontaneously. Central to nucleation theory is the
expression for the nucleus (critical-size nanodroplet for spontaneous growing)
work of formation. In the 1870s Gibbs [8] showed that this reversible work
equals the difference between the free energy of the metastable phase with and
without the droplet present. This macroscopic change of free energy associated
with the formation of a nucleus consisting of monomers always contains a volume
term and a surface energy term.
Classical nucleation theory originated with the work of Volmer and We-
ber [14] in 1926. By using the kinetic theory of gases and equilibrium ther-
modynamics, they derived an expression for the nucleation rates. Farkas [15]
(1927), Becker-Do¨ring [16] (1935 ), Frenkel [17] (1939) and Zeldovich [18] (1942)
established the steady-state version of the so-called classical nucleation theory
(CNT). The CNT considers the droplet as a uniform bulk phase separated by
a sharp interface from the old phase (metastable vapor). The distinct feature
of this theory is that it needs experimentally accessible bulk thermodynamic
properties to calculate the nucleation rates.
Calculations of the nucleation rate J are based on the so-called Becker-
Do¨ring [16] expression. They assumed that during nucleation, a cluster grows
by gaining a molecule at a rate known as the nucleation (or condensation) rate.
However, most experiments show that the classically calculated nucleation rates
have an incorrect temperature dependence and poor agreement with experimen-
tal data [19, 20, 21]. Nonclassical nucleation theories using the density functional
theory (DFT) [22] and the gradient theory (GT) [23, 24, 25, 26, 27, 28, 29, 30],
an approximation of DFT, predict a T -dependence in good agreement with
experiment. Instead of the sharp discontinuity of density in the classical nucle-
ation theory (CNT), DFT and GT treat the droplet as a non-uniform system
whose density varies continuously with distance from the center of the droplet,
eventually reaching the value of the surrounding mother phase.
Nucleation, as the first stage, determines many important properties of the
newly forming phase such as the number density, and the size distribution of
the nuclei[31, 32]. We need to understand the nucleation process in order to
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control these parameters in experiments or technical applications. For instance,
the number and size of nucleating water droplets has an impact on the efficiency
and lifetime of a steam turbine as well as the color and reflectivity of clouds,
which in turn influence the greenhouse effect. Nucleation of water is perhaps
the most popular example in the literature, due to its relevance to industry;
in boilers or turbines, in biological systems, or in atmospheric sciences and cli-
mate modeling[11]. A previous calculation applied to water using the cubic
perturbed hard body (CPHB) with the P -form of CNT improved the predicted
nucleation rate values by several orders of magnitudes compared to the con-
ventional CNT, but it failed to improve the predicted temperature dependence
of the rates [30]. The results of another calculation applied to methanol us-
ing the statistical association fluid theory SAFT-0 EOS [33] with the GT and
the P -form of CNT [34, 35] have motivated us to extend the study to water.
The semi-empirical Hale model [36, 37, 38] of nucleation rate shows that the
methanol rate data exhibit anomalous S − T dependence while the GT rates
using SAFT-0 EOS scale remarkably well, illustrating that the Hale plot can be
used to assess the theoretical results and the experimental data, as well.
Despite several extensions and theoretical advances, classical nucleation the-
ory (CNT) is still the most widely used theoretical tool used to predict nucle-
ation rates[39, 40, 41, 42]. Since the popular classical nucleation theory (CNT)
deviates by orders of magnitude from experiments for most substances[43], Wil-
helmsen et. al.[23, 44] investigated whether part of this discrepancy can be
accounted for by the curvature-dependence of the surface tension. To that
end, they evaluated the leading order corrections for water, the Tolman length
and the rigidity constants, using square gradient theory coupled with the ac-
curate CPA (Cubic-Plus-Association) equation of state[45, 46]. The Helfrich
expansion[47] is then used to incorporate the curvature corrections into the
CNT-framework. For water, this curvature-corrected CNT corrects the wrong
temperature dependence of the nucleation rates given by the traditional CNT.
Because the CPA equation of state does not reproduce the experimental water
data below the temperature of maximum density[48] (Tmax ' 277.15K), they
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applied a linear extrapolation to obtain the coefficients in the Helfrich expansion
for water below this temperature where many of the nucleation experiments for
water have been performed.
Similar to CPA EOS, the SAFT-0 is cubic and accurate equation of state,
thus it is convenient to use it with the gradient theory to calculate the nucleation
rates of non-polar and polar compounds, especially water. In this paper, we ad-
just the prerequisites of the SAFT-0 EOS itself in a way that it reproduces the
vapor pressures and the anomalous water binodal lines below Tmax = 277.15K
in a good agreement with the experimental data [49]. Moreover, we apply the
GT and CNT to water using SAFT-0 EOS to see if this adjustment will yield im-
proved rates predictions in the temperature range where most of the nucleation
rates were measured [20, 50]. It is imperative to mention that the difference
between our work and Wilhelmsen et. al. is that we aim to improve the cal-
culated nucleation rates of water by adjusting the SAFT-0 EOS itself, whereas
they do so by incorporating the curvature dependence of the surface tension in
the CNT. Interestingly, our results support their work very well. The distinct
advantage of adjusting the SAFT-0 EOS itself is the simplicity and flexibility
of applying it on more complex systems, particularly the aqueous binary and
ternary mixtures below Tmax, using the regular mixing rules. Also, adjusting
the temperature dependent segment diameter, only, keeps the predictivity and
cubicity of SAFT-0 EOS.
2. Theory and Computational Approaches
The reversible work W needed to create a critical-size cluster of the new
phase in a metastable vapor is given by Gibbs [8] as:
W = Aγ − V (Pl − Pv). (1)
Here, A and γ are the surface area and surface tension, respectively, of the
cluster, V is its volume, Pl and Pv are the internal pressure of the new bulk
reference phase and the actual pressure of the mother phase, respectively, at
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the same value of the chemical potential for both phases. Using the Laplace
equation for the pressure difference between two phases separated by a curved
surface, Gibbs [8] found an explicit relation for the work of formation W of
critical size droplet as:
W =
16pi
3
γ3∞
(Pl − Pv)2 . (2)
Here, the curved surface tension γ is approximated by the experimentally reach-
able values of flat interfaces γ∞ because of a lack of knowledge of the exact sur-
face tension γ for typical critical droplets (one nanometer or less radii). Obeidat
et al. [34, 30] called Eqn.2 the P -form of work of formation. Gibbs’ method for
calculating the pressure Pl will be described below.
Calculating the accurate work of formation of the critical-size droplets is
the challenge to use the Becker-Do¨ring [16] expression of nucleation rate at a
specific temperature T ,
J = J0 exp
(
− W
kBT
)
, (3)
where kB is Boltzmann constant, and the pre-exponential factor J0 is given
as [30]:
J0 =
√
2γ∞
pimv
vl
(
Pv
kBT
)2
, (4)
where mv is the mass of a condensible vapor molecule, and vl is the molecular
volume of the new phase.
The Gibbs’ expression of the reversible work (Eqn. 1) contains two terms:
a bulk or volumetric term that thermodynamically stabilizes the droplet, and
a surface term that is destabilizing because of the increase of free energy as-
sociated with forming new surface. Since the surface term is crucial for using
Becker-Do¨ring model of nucleation, Cahn and Hilliard [26] wrote the Helmholtz
free energy F as a functional of the system density ρ with the square-gradient
approximation, first proposed by van der Waals [25], to account for the inho-
mogeneous interfacial region separating the critical droplet from the uniform
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mother phase. Their functional is given by:
F [ρ(r)] =
∫
drf [ρ(r)] =
∫
dr
(
f0[ρ(r)] + (c/2)[∇ρ(r)]2
)
. (5)
Here, f and f0 are the Helmholtz free energy densities of the inhomogeneous and
homogeneous fluids, respectively, and c is the so-called influence parameter [51],
which is evaluated as a function of temperature by forcing agreement between
calculated and experimental values of the bulk surface tension. The equilibrium
droplet density profile that makes the work of formation an extreme value can
be found by solving the following Euler-Lagrange equation:
µ = µ0 − c∇2ρ(r) (6)
where µ and µ0(ρ) are the chemical potentials of the bulk vapor phase and the
homogeneous fluid, respectively, at density ρ. Expressions for f0 and µ0 are
readily found from a given equation of state.
Cahn and Hilliard first found the reversible work of critical nucleus formation
can be evaluated as:
W =
∫
[∆W + (c/2)(∇ρ)2]dV , (7)
where ∆W = W (ρ)−W (ρv), W (ρ) = f0 − ρµ, and ρ is the density of the bulk
phase. This work of formation may be used in Equation (3) to determine the
nucleation rates. Obeidat, Li and Wilemski[30, 35, 51, 52] provide a compre-
hensive explanation of implementing the GT to calculate the work of formation
of critical nanodroplets. In this work we exactly follow their steps but with the
adjusted SAFT-0 EOS.
To calculate the binodal points, we derive the functional pressure and chem-
ical potential from the Helmholtz free energy F as:
P (ρ) = ρ2
(
∂F
∂ρ
)
T
(8)
µ(ρ) = ρ
(
∂F
∂ρ
)
T
+ F (ρ). (9)
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Then we determine the coexisting densities of bulk liquid ρle and vapor ρve by
solving the simultaneous equations
P (T, ρle) = P (T, ρve), (10)
µ(T, ρle) = µ(T, ρve), (11)
where ρle and ρve are the equilibrium vapor and liquid densities, respectively.
Gibbs’ assumed the temperature and chemical potential are the same every-
where in the nonuniform system[8], i.e., µ(T, ρv) = µ(T, ρl). After subtracting
the equilibrium value of chemical potential from both sides of this equation, we
obtain
µ(T, ρl)− µ(T, ρle) = µ(T, ρv)− µ(T, ρve). (12)
Once ρl has been found by solving Eq.12, the reference pressure P (T, ρl) (pres-
sure inside the droplet) is straightforward to calculate from EOS.
3. Adjusted SAFT EOS
The application of perturbation theory to associating systems in an equation
of state was not practical until Wertheim developed his multi-density statistical
mechanics for associating fluids[53]. Perturbation theories based on Wertheims
multi-density statistical mechanics have come to be called thermodynamic per-
turbation theory (TPT). In TPT, there is two energy scales: a short ranged
highly directional association energy scale (hydrogen bonding energy scale) and
an orientationally averaged (non- association) energy scale (reference energy
scale). Typically, the reference energy scale accounts for dispersion attractions,
dipolar attractions not accounted for through the association term and higher
order multi-pole contributions. Thermodynamic perturbation theory (TPT)
forms the basis of the statistical associating fluid theory (SAFT) family of equa-
tions of state[33, 54, 55, 56]. Chapman, et al. [33] proposed the first equation of
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state based on the statistical associating fluid theory (SAFT). They wrote the
Helmholtz molar free energy F as:
F = F id + F seg + F chain + F assoc (13)
where F id, F seg, F chainand F assoc are the ideal term, the segment term, the
chain term and the association term, respectively. It is now referred to as SAFT-
0 [57] and we briefly summarized it in a previous work ([35]). While traditional
cubic EOSs such as PR and SRK only have a single energy scale of attraction,
SAFT allows for separate accounting of hydrogen bonding and reference (non-
hydrogen bonding) attraction degrees of freedom. The strength of SAFT-0 EOS
emerges from the association term F assoc for self-associating compounds which
is given by:
F assoc
RT
=
∑
A=A,B,...
(
lnXA − X
A
2
)
+
1
2M
(14)
where R is the universal gas constant, M is the total number of association sites
on each molecule, XA is the mole fraction of molecules not bonded at site A,
and
∑
A represents a sum over all associating sites on the molecule. Example
for molecules with two attractive sites A and B (two-site model will be used
below) is given as:
F assoc
RT
=
(
lnXA − X
A
2
)
+
(
lnXB − X
B
2
)
+
1
2
. (15)
The mole fraction of molecules not bonded at sites A and B can, respectively,
be calculated as follows:
XA =
1 +NAv ∑
B=A,B
ρXB∆AB
−1 (16)
XB =
1 +NAv ∑
A=A,B
ρXA∆BA
−1 (17)
where NAv is the Avogadro’s number, and ρ is the molar density of molecules,
and ∆AB(∆BA) is the association strength, given as:
∆AB = d3
[
2− η
2(1− η)3
]
κAB
[
exp
(
AB
kBT
− 1
)]
. (18)
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Here, d is the effective temperature-dependent segment diameter, κAB is the di-
mensionless association volume, AB is the association energy, and η = piNAv6 ρd
3m
is the segment packing fraction.
The association sites in water can be represented by three different mod-
els: four-site model (M = 4), three-site model (M = 3), and two-site model
(M = 2). Suresh et. al. [58] evaluated these models by Wertheim’s thermody-
namic perturbation theory (TPT) [53, 59]. They showed that any of the models
may be accurately applied but they recommended the two-site model because
its accuracy is at least equivalent to that of the other models and it is more
convenient to apply in general. Taking into account the results of Wertheim’s
TPT and the recommendation of Suresh et. al., Gross and Sadowski used the
two-site model to apply the PC-SAFT EOS on water[55]. Here, we keep with
this choice and the two-site model of water (M = 2) will be used in this work.
The temperature-independent hard sphere diameter σ was related, follow-
ing the Barcker-Henderson theory [60], to an effective temperature-dependent
segment diameter, d(Tr,m) as [33]:
d (Tr,m) = σf (Tr,m) . (19)
Here, f (Tr,m) is a generic function of the reduced temperature (Tr =
KBT
ε )
by the Lennard-Jones intermolecular energy parameter ε, m is the number of
segments per molecule, and σ is the temperature-independent hard sphere di-
ameter. Barker and Henderson[60] introduced a temperature dependent form
for d as
d = σ
∫ 1
0
[
1− exp
(−u(z)
kBT
)]
dz, (20)
where u(z) is the Lennard-Joens potential and z is the center-to-center distance
between interacting (nonbonded) segments. Cotterman et. al. [61] numerically
solved this integral for several temperatures and they determined an empirical
formula for d by fitting its values for the spherical Lennard-Jones molecules as
a function of reduced temperature Tr:
d (Tr,m) = σ
[
1 + 0.2977Tr
1 + 0.33163Tr + f(m)T 2r
]
, (21)
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where f(m) = 0.0010477 + 0.025337(m− 1)/m is just an abbreviation in terms
of m. For SAFT-0 EOS, Chapman et. el. [33] used the same empirical formula
obtained by Cotterman et. al. for the Lennard-Jones potential. Although
d (Tr,m) does not heavily change with T , it still can have a strong effect on
the thermodynamics of the system, hence on the curves of the liquid-vapor
coexistence.
It is known that water is highly polarized in the liquid state. Through de-
tailed first principles quantum mechanics calculations for small water clusters[62],
it has been shown that water hydrogen bond energy, polarization, and dipole
moment[63, 64] depend on the number of times the water molecule is hydro-
gen bonded, as well as the type of hydrogen bonded cluster. Hence, there
are both hydrogen bond cooperativity and cooperativity between the hydrogen
bonding and the non-hydrogen bonding (reference) energy scales. Logically,
this means that the reference energy in TPT should depend on the degree of
hydrogen bonding[65, 66]. Marshall[65] have proposed a methodology to cou-
ple the reference energy scale to the degree of hydrogen bonding in the fluid
with d = σ. Applying this methodology on water gave improved predictions of
water-hydrocarbon mutual solubilities above Tmax, but it did not improve the
predictions of the pure water density or pressure. Later, Marshall[66] developed
a second order thermodynamics perturbation theory (TPT2) to include hydro-
gen bond cooperativity for the case where a water molecule is a donor and a
acceptor, at the same time. Also, as is common in perturbation theories, TPT2
with PC-SAFT and d = σ did not reproduce the density maximum of water.
Replacing σ with d(T ) < σ in the hard sphere contributions has the effect of
increasing density as compared to the case where the hard sphere diameter σ
was used in these contributions. Therfore, Marshall described the reason of us-
ing d = σ for water as following: Using d(T ) < σ increases the average number
of hydrogen bonds per water molecules with a decrease in temperature which
results in the shortening of the hydrogen bonds. Marshall attributed the failure
of predicting the water density maximum to that the density maximum is a re-
sult of the change in the water structure (hydrogen bonds number and length),
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while TPT2 addressed only energetics.
Recently, Held et al.[67], Cameretti et al.[68], Cameretti[69] reported that
accurate modeling of liquid densities of water cannot be obtained without mod-
ification of its temperature-dependent segment diameter. To do so, we take
the exponential form of the temperature-dependent effective diameter in Chen
and Kreglewski work [70] where the Barker-Henderson integral equation [71]
was solved using a square-well potential as a suggestion to use exponential
form for our desired adjustment. This exponential form is also supported by
Held et al.[67] where they added a temperature-dependent exponential term to
the temperature-independent hard sphere diameter σ in ePC-SAFT EOS[68] to
treat the deviation of calculated water density between 273.15K and 373.15K.
Later, Pereda et al.[72] studied the temperature dependence of the hydrocar-
bon solubility in water using the group contribution with association equation
of state (GCA-EOS)[73, 74]. As a result of their study, they concluded that
the temperature-dependent effective diameter d of water has a strong influence
on the temperature dependence of the hydrocarbon solubility in water. There-
fore, they introduced an exponential correction to d to improve the predictions of
water-hydrocarbons mutual solubility within the temperature range 298−353K
of their experimental data.
In the present work, we aim to couple the additive hydrogen bonding energy
scale and the reference energy scale by including the association energy AB
in the calculations of the effective temperature-dependent segment diameter.
Then, we just need to find a way of adjusting d in terms of AB and T so that
the SAFT-0 EOS successfully reproduces the water densities and the vapor
pressures, particularly for T < Tmax = 277.15K. Because the SAFT-0 EOS
with the Cotterman’s form of d successfully predicts the water binodal line
for T > Tmax (with small deviations in the vicinity of Tmax) whereas it over-
predicts it below Tmax, we propose two conditions for the desired adjustment:
It should quickly vanish above Tmax and it should quickly increase below it.
To apply these conditions in adjusting d with the site-site association energy,
we introduce an exponential correction in terms of the dimensionless distance of
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Table 1: Fitting parameters of SAFT-0 EOS for two-site water.
σ [A˚] ε/kB [K] m 
AB/kB [K] κ
AB
2.925 294.1 1.026 2938.8 0.053
the temperature from the water maximum density temperature T−TmaxTmax and the
scaled association energy 
AB
kBTmax
. This correction is exclusive for water and the
adjusted temperature-dependent segment diameter in SAFT-0 EOS becomes
d′ (Tr,m) = d (Tr,m) + σλ exp
[
−2
3
AB
kBTmax
(
T − Tmax
Tmax
)]
. (22)
Here, λσ = 0.02355 is the correction at Tmax where we calculate it by iteratively
adding small corrections to d until we successfully reach the corresponding water
experimental density (the maximum density). The liquid water’s anomalous be-
havior due to hydrogen bonding effect is accounted for by employing T−TmaxTmax to
make the adjustment solely influential below Tmax. The adjusted temperature-
dependent segment diameter is bounded by T = 203 ± 5K where a minimum
density is evident there[75]. As far as we know, adjusting the temperature-
dependent hard sphere diameter have never been made by including the associ-
ation energy. We already tested this adjustment for four-site (M = 4) model of
water in a different subject of study that will be published in the near future.
In this paper, we apply the CNT ([35, 30]) and GT ([51, 35]) to calculate the
nucleation rates of water using the adjusted SAFT-0 EOS. Its parameters for
water (given in Table 1) are obtained by simultaneously fitting the experimental
saturated vapor pressures and liquid densities [49].
4. Results and Discussions
The effect of the adjustment on the temperature-dependent segment diam-
eter is shown in Figure 1. The fast increase of d′, compared to d, as T drops
down is the distinct feature of this adjustment. Specifically, this exponential
increase of d′ enables the SAFT-0 EOS to calculate the anomalous behavior
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Figure 1: Comparison between the temperature-dependent segment diameter d (solid line)
and the adjusted one d′ (dashed line). Inset: The differences between these two diameters
represent the adjustment term vs. temperature.
of the supercooled water density below Tmax where the larger adjustment (as
shown in the inset), the larger decrease in the liquid water density.
The predictions of SAFT-0 for the equilibrium vapor-liquid densities of wa-
ter compared to the values calculated with the IAPWS-95 formulation [49] are
shown in Figure 2 for several temperatures. IAPWS-95 is an analytical equation
based on a multiparameter fit of all the experimental data available at temper-
atures above 234K [49, 30]. Note that the results of the IAPWS-95 EOS may
be regarded as the experimental values since this equation accurately treats the
anomalous compressibility of supercooled liquid water and describes it to high
precision above 234K. Starting with the results of regular SAFT-0 EOS, we
see that this equation accurately predicts the equilibrium vapor-liquid densities
for T > 335K, but it is severely deficient in predicting the anomalous liquid
binodal line below Tmax (dashed line). Later, we will see the effect of this mis-
prediction on calculating the nucleation rates of water. The adjusted SAFT-0
EOS fairly resolves this inaccuracy and predicts the binodal points (solid lines)
14
Figure 2: Binodal densities of water calculated using SAFT-0 and SAFT-0/ADJUSTED com-
pared with IAPWS-95 values [49]. Inset: Log-Plot of saturated vapor density vs. T.
within the range of temperature 220K − 445K very well with minor deviations
near the range boundaries. However, one may reduce this deviation by calcu-
lating the fitting parameters of SAFT-0 EOS and the new parameter (λ) within
a shorter temperature range such as 210K−300K. In present work, we provide
the acceptable fitting parameters in a very wide temperature range to make the
adjusted SAFT-0 EOS ready for other studies.
Figure 3 compares accepted [49] binodal vapor densities and equilibrium va-
por pressure of water with values calculated using the adjusted SAFT-0 EOS.
We see the calculated results agree very well with experimental data in the
temperature range 235 − 450K, in particular the range relevant for nucleation
measurements. The small deviation at very low temperature is due to the same
reason mentioned above.
Both forms of the classical and nonclassical nucleation theories have been
used with the SAFT-0 EOS to determine the nucleation rates of water. For
comparison, Fig. 4 compares the predicted nucleation rates of water using the
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Figure 3: Log. plot of saturated vapor pressure P and density ρ of water calculated using
T -adjusted SAFT-0 EOS compared with IAPWS-95 values [49].
SAFT-0 EOS in terms of Cotterman’s form of d with Wo¨lk and Strey mea-
surements [20]. The reason for using Wo¨lk and Strey measurements will be
shown later below. We note that the GT and P -form roughly show a similar
dependence on S (P -form has a slightly better slope at low temperatures) , but
the P -form has a better T dependence (the gaps between the experimental and
predicted nucleation rates are smaller, particularly for small temperatures) and
is about one order of magnitude higher than the GT. Neither GT nor CNT
reproduces the J values very well.
We see in Fig. 5 that the nucleation rates using adjusted SAFT-0 EOS are
considerably improved compared to the results in Fig. 4. First, the magnitudes
of the nucleation rates are improved by factors of 500 and 100 for GT and CNT,
respectively, but the P-form of CNT shows a slightly better S dependence. Sec-
ond, we see that adjusting d by including the association energy significantly
improves the T dependence of GT. Both the CNT and GT rates share the fol-
lowing features. At low temperatures in the figure 5, one sees poorer agreement
with the data than at the higher temperatures because of the use of a constant
scale factor.
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Figure 4: Nucleation rates of water using the SAFT-0 EOS with CNT and GT compared
with experimental rates [20]. JG: gradient theory; JP : P -form of CNT.
Figure 5: Nucleation rates of water using the adjusted SAFT-0 EOS with CNT and GT
compared with experimental rates [20]. JG: gradient theory; JP : P -form of CNT.
17
Next, we apply a T -dependent scaling factor and we discuss the T depen-
dence of the rates in more detail. Since the GT calculations of nucleation rates
of water are better by a factor of 10 than those from the P-form of CNT and
because the GT usually gives better results for other associating compounds
than the CNT[35], its predictions of nucleation rates will be assessed by Hale’s
T -dependent scaling models [36, 76, 38, 37]. Hale’s scaled nucleation rate equa-
tion is, perhaps, the most useful semi-empirical model that accurately describes
the temperature dependence for many simple vapor systems. It can be used to
examine the accuracy of nucleation rate data. For example, Obeidat et al. [35]
used Hale plot to assess Strey et al. [77, 78] measurements of methanol nucle-
ation rates. Hale plots showed that the methanol rate data exhibit anomalous
S − T dependence. Obeidat et al. attributed this to the inadequacy of the
thermodynamic data base used by Strey et al. to correct the original S − T
data for the effects of gas phase association.
Hale defined a simple scaled model of nucleation rate by exploiting scaled
expressions for the vapor pressure and for the surface tensions[76, 79] as follows:
Jscaled = J0 exp
[
−16piΩ
3
(
TC
T − 1
)3
3 (lnS)
2
]
, (23)
where J0 is the kinetic prefactor for the steady state homogeneous nucleation
rate, TC = 647.15K is the experimental critical temperature of water, and
Ω = σ0/k/ρ
2/3 is the excess surface entropy per molecule estimated from the
experimental values of surface tension (approximately 2 for normal liquids and
1.5 for polar substances). Here, σ0 is a material-dependent constant obtained
by fitting the surface tension data as a linear equation of surface tension γ =
σ0(TC−T ), k is the Eotvos constant[80, 37], and ρ is the liquid number density.
A comparison of the scaled model of nucleation rate with some experiments and
GT is shown in Figure 6. Here, the experimental data and the GT predictions
are plotted versus Jscaled(Texp, Sexp), with Ω = 1.45. The latter value of Ω is
in the expected range for polar substances (calculated by Hale et al.[76]). In
addition to our calculated values of nucleation rates of water using GT, this
comparison shows that Wo¨k and Strey measurements scale very well and lie
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Figure 6: A comparison of the homogeneous nucleation rates of water predicted by Hale’s
scaled model with several experimental data sets and our GT results, with Ω = 1.45. The
data sets are from the following references: Wo¨lk and Strey[20], Luijtenet al.[81], Viisanen et
al.[82], Brus et al.[83], and Miller et al.[50]. The dotted line indicates perfect agreement.
along the perfect agreement line.
Hale’s plots provide a simple means of assessing the combined supersat-
uration and temperature dependence of a set of nucleation rates. For many
systems, nucleation rate data from different laboratories often lie on or close
to a single, universal line indicating mutual consistency [84, 85, 86, 87]. An
application of the scaling that requires no knowledge of Ω is shown in Fig-
ure 7 where log J is plotted versus the scaled supersaturation (lnSscaled =
lnS/(Tc/T−1)3/2) [37, 76]. The scaled supersaturation in Figure 7 is multiplied
by a normalizing constant (Tc/240 − 1)3/2, so that the values fall in the same
range as lnS. Hence, the dashed line at T = 240K is the perfect agreement line.
We see that the Wo¨lk and Strey data corresponding to constant temperatures
that spread out in the standard log Jexp versus lnS plot (indicated by the dot
lines) collapse onto a single line (indicated by dashed line) when we plot log Jexp
versus lnSscaled. Similarly, the plot of log JGT versus lnSscaled shows a good
scaling of the nucleation rates of water predicted by applying GT with adjusted
SAFT-0 EOS (indicated with filled circles). As expected, the GT results scale
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Figure 7: The GT predictions of homogeneous nucleation rates of water and experimen-
tal data plotted versus the scaled supersaturation function, lnS/(Tc/T − 1)3/2. The scaled
supersaturation is multiplied by a normalizing constant, C0 = (Tc/240 − 1)3/2, so that the
values fall in the same range of T = 240K (dashed line). The dotted lines indicate where the
Wo¨lk and Strey’s measurements fall if log Jexp is plotted versus lnS (before scaling S). The
references for the data are listed in the caption of Fig.6.
very well using Hale’s scaling model and show a good temperature-dependent
agreement with the Wo¨k and Strey experimental data, but with slightly stronger
dependence on the scaled supersaturation ratio (larger slope).
5. Conclusions
In order to solve the inaccuracy of SAFT-0 EOS in predicting the water
binodal lines below Tmax, we adjust the temperature-dependent hard sphere
diameter by adding an exponential correction in terms of the association energy.
The adjusted SAFT-0 EOS predicts the water phase equilibria adequately well
within a temperature range of 220K − 445K.
We have made classical and nonclassical nucleation rate calculations for wa-
ter vapor using the SAFT-0 and adjusted SAFT-0 EOS. The calculated nu-
cleation rates by GT and CNT are compared with Wo¨lk and Strey measure-
20
ments [20] using a standard format. The adjusted SAFT-0 improves the GT and
CNT calculations by factors of 500 and 100, respectively. Moreover, it signifi-
cantly improves the T dependence of GT. Furthermore, both of the CNT and
GT have a good S dependence at high temperatures while it is slightly better
in CNT at low temperatures.
The GT results were compared with the experimental water data using the
following Hale’s plots: log J versus log Jscaled, with Ω = 1.45, and log J versus
lnSscaled, without assuming a value for Ω. The calculations of GT and the mea-
surements by Wo¨lk and Strey scale remarkably well. The scaling of the GT rates
is most likely due to the combination of a nonclassical nucleation theory that
avoids the drastic and unphysical assumptions of CNT (incompressible bulk liq-
uid with a sharp vapor-liquid interface [8, 30]) and an accurate equation of state
(adjusted SAFT-0 EOS) that treats the effects of association. Also, we expect
that one can significantly improve the calculations of water nucleation rates by
applying gradient theory using our adjusted SAFT-0 EOS and Wilhelmsen et
al. [23, 44] technique of including the curvature-dependence of surface tension.
We conclude that the adjusted SAFT-0 EOS is satisfactorily exact and pre-
dictive, thus future computational studies of more complex systems, such as
aqueous-alcohol mixtures, are now expected to be more convenient and more
accurate, in particular, below Tmax.
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